Background: Colorectal cancer (CRC) is considered one of the most common forms of cancer in the Western world. High intake of red and processed meat is considered to increase CRC development.
Introduction
Colorectal cancer (CRC) is estimated to be one of the most common forms of cancer in the Western world [1, 2] . In Sweden, it is the fourth most common form of cancer and around 6500 persons per year develop the disease [3] .
Several lifestyle factors are considered to be associated with the development of CRC. Higher body mass index (BMI) and waist circumference are positively associated with risk of CRC, independent of location, sex. or geographic area, as seen in a metaanalysis by Ma et al. [4] . Other lifestyle factors, such as diet, are also considered to be associated with risk of CRC. The World Cancer Research Fund and the American Institute for Cancer Research (WCRF/ AICR) have concluded that there is convincing evidence that high intakes of red and processed meat are associated with increased risk of CRC [5] . A metaanalysis indicated that the risk increases by 17% per 100 g daily intake of red meat and by 18% per 50 g daily intake of processed red meat [6] . According to the guidelines from the National Food Agency in Sweden, the intake of red meat should not exceed 500 g per week [7] .
The risk associations may differ between gender and tumor location in the bowel [8] . In a meta-analysis by Alexander et al. [9] , the association between high intake of processed meat and CRC was mainly seen in men. Although rather few studies have examined specific types of red meat in relation to colorectal cancer, a recent meta-analysis (2015) indicate that the associations differ depending on meat subtypes and sub-sites of CRC. High intakes of beef associated with risk of colon cancer, but not with rectal cancer. Lamb intake was suggested to associate with increased risk of CRC. Intake of poultry was not associated with CRC, but the authors concluded that more studies on pork intake are warranted [10] . Findings regarding high fish intake indicate an inverse association with risk of CRC [11] .
The primary objective of the present study was to examine if intake of red meat, considering different subgroups, such as beef and pork, unprocessed and processed red meat, fish, and poultry, is associated with incident CRC, colon cancer, and rectal cancer in women and men from the Malmö Diet and Cancer Study (MDCS). Since obesity may promote development of CRC, our second objective was to investigate whether weight status may modify the association between meat intakes and CRC.
Subjects and methods
The study was approved by the Regional Ethical Review Board in Lund (50-81, 2013/804).
Subjects
MDCS is a population-based prospective cohort study in Malmö, Sweden. All men and women living in Malmö between 1991 and 1996, born between 1923 and 1950, were invited to participate. Altogether, 28 098 participants completed all of the baseline examinations after having given their written informed consent. Of those having completed the baseline examination, 167 had been diagnosed with CRC before or at baseline examination, and were therefore excluded from the present study.
Data collection
At baseline, the participants were asked to fill out questionnaires on socioeconomic, lifestyle, and dietary factors. They also recorded their cooked meals and underwent a diet history interview. Weight, height, and waist circumference were measured by trained nurses. Body composition was estimated with a single-frequency bio-impedance methodology (BIA 103, RJL systems, Detroit, USA). Body fat percentage was calculated using an algorithm provided by the manufacturer.
Dietary data
Dietary data was gathered through a modified diet history method with a seven-day menu book for registration of meals that varied from day to day, most likely lunch and dinner, cold beverages, and nutrient supplements. In addition, the participants were given a 168-item questionnaire for assessment of consumption frequencies and portion sizes of foods that were not covered in the menu book. Finally, a 45-minute interview completed the dietary assessment. The merged data from the above mentioned methods was then coded using the Swedish Food Data Base [12] . The MDC diet assessment method has been described in detail elsewhere [13, 14] .
The diet analyses were adjusted for the variables called 'method version' and 'season'. Method version was used because altered coding routines of dietary data were introduced in September 1994 in order to shorten the interview time (from one hour to 45 minutes). This resulted in two slightly different method versions, before and after September 1994, but did not have any major influence on ranking of individuals [13] . The variable season was divided into spring, summer, autumn, and winter depending on when in the year the baseline examination was executed. Dietary change in the past (yes, no) was based on the question 'Have you substantially changed your eating habits because of illness or some other reasons?' The relative validity of the MDCS method was evaluated in the Malmö Food study 1984-1985 in a sample of Malmö residents, 105 women and 101 men, 50-69 years old. An 18-day weighted food record was used as the reference method, three days every second month during a year [15, 16] The following variables for nutrient intake were used in this study: total energy (MJ), non-alcoholic energy (MJ), carbohydrates (percentage of energy (E %)), fat (E%), protein (E%), saturated fat (g), fiber (g), calcium (mg), folate (mg), iron (mg), and zinc (mg). The following daily intakes of foods were used in this study: red meat (g), unprocessed red meat (g) processed red meat (sausages and cured meat) (g), beef (g), pork (g), poultry (g), fish (g), dairy products (portions of milk, yogurt sour milk, and cheese), fruit and berries (g), and sugar-sweetened beverages (g). Red meat was defined as pork, beef and game. Total red meat included both processed and unprocessed red meat. Intakes of pork and beef were mainly based on non-processed meat, as distinction between pork and beef was not possible for all processed meats based on items included in the food questionnaire. The fish variable consisted of both processed and unprocessed fish. Portions, instead of grams, were used in order to analyse the sum of dairy products, because of different water content and because they usually are consumed in different weights. Standard portion sizes from the national Food Agency in Sweden were used to define portions for dairy products [17] .
Energy-adjusted variables were obtained by regressing the food intakes on non-alcohol energy intake [18] . Quintiles of the food residuals were used as exposure categories.
Cancer cases
In the study, 728 cases of CRC were identified from the Swedish Cancer Registry, of which 463 were colon cancer and 265 rectal cancers, during 428 924 person-years of follow-up. Follow-up time was defined as the time from date of enrolment until date of CRC-diagnosis, death, migration, or end of follow-up (31 December 2010), whichever came first. Information on date of death was collected from The Swedish Cause-of-death registry. Mean follow-up was 15.4 years.
Other variables
Prevalent diabetes diagnosis was determined from selfreported diagnosis, self-reported medication for diabetes, or information from medical data registries indicating a date of diagnosis before inclusion in the MDCS. Incident diabetes diagnosis was obtained either from the Regional Diabetes 2000 register of Scania, the Malmö HbA1C register or the Swedish National Diabetes Register. In the MDCS, 3245 incident cases of diabetes and 1183 prevalent cases of diabetes were found. In all those with diabetes, 185 cases of incident CRC were found.
Age was obtained from personal identification numbers. Smokers were divided into three categories: current smokers; ex-smokers; and non-smokers. Irregular smoking was counted as current smoking. The subjects estimated their physical activity in minutes and the results were divided into quintiles. The level of education was divided into four different categories: ≤ 8 years; 9-10 years; 11-13 years of education; and university degree. Alcohol intake was divided into four categories: zero; < 15 g/d for women and < 20 g/d for men; 15-30 g/d for women and 20-40 g/ d for men; and > 30 g/d for women and > 40 g/d for men. Current use of menopausal hormonal replacement therapy (HRT) and regular use of non-steroid anti-inflammatory drugs (NSAID) were divided into non-users and users. BMI was calculated from measured weight and length. BMI was divided into high (≥ 25 kg/m 2 ) and normal and low (< 25 kg/m 2 ), after the World Health Organization's classification of overweight [19] .
Statistical methods
The SPSS statistics package (version 22; IBM Corporation, Armonk, USA) was used for all statistical analyses. The food variables were log-transformed (e-log) to normalize the distribution before analysis. A very small amount (0.0001) was added before transformation, to handle zero intakes [20] . The general linear model was used when examining baseline continuous characteristics in the cases and noncases, and also adjusting for age and sex, when appropriate, and season and method version for the food variables.
The Cox proportional hazard regression model was used when estimating hazard ratios (HR) of incident CRC, colon cancer, and rectal cancer, depending on quintiles of energy-adjusted food intakes (red meat, beef, pork, unprocessed red meat, processed red meat, poultry, and fish). The basic model included adjustments for age, sex (when appropriate), season, and total energy intake. In addition, the full model was also adjusted for level of education, smoking status, alcohol intake, physical activity, BMI, NSAID use, and when appropriate, for current use of HRT. We also performed the multivariate model excluding BMI, since it might be an intermediate between diet and CRC. Additional models were constructed with further adjustments for diabetes (prevalent and incident) or potential dietary confounders found in previous studies (intake of: fiber; protein; saturated fat; calcium; folate; iron; zinc; fruits and vegetables; milk products; and sugar-sweetened beverages) [5] .
Spearman's correlation matrix was used to examine the correlation between energy-adjusted food intakes (total red meat, beef, pork, unprocessed red meat, processed red meat, poultry, and fish). For intakes where a correlation over 0.40 was found (Supplementary Table 1 ), additional models were constructed with mutual adjustment in the full models.
A test for interaction between sex or BMI status (< 25 and ≥ 25) and dietary intakes with regard to CRC incidence was performed by adding a multiplicative variable (e.g. sex × diet quintile (treated as continuous variables)) to the full model.
In sensitivity analysis, we excluded individuals with a reported dietary change in the past, all forms of prevalent cancer except cervix cancer in situ or incident and prevalent diabetes. All tests were two-sided and statistical significance was assumed at p < 0.05.
Results

Baseline characteristics
Altogether, 16 944 (60.7%) women and 10 987 men completed the baseline examinations, after exclusion of individuals with prevalent CRC. The cases of CRC were, compared with non-cases, older, had a larger waist circumference, and a higher BMI (Table 1) . They also had a lower intake of calcium, zinc, beef, and dairy products and a higher intake of pork. Fewer cases had a high level of education, but more of them were highly physically active. Diabetes was more common among the cases, especially in men. In women, the use of HRT was higher among the non-cases.
Dietary intake and colorectal cancer
In the full multivariate model, beef intake was inversely associated with risk for CRC in women (HR: 0.65 for highest compared with lowest quintile; 95% CI: 0.45, 0.95; p for trend = 0.046), but not in men, and a borderline interaction between sex and beef intake was seen (p = 0.068) ( Table 2 ). High pork intake was associated with increased incidence for CRC (HR: 1.39 for highest compared with lowest quintile; 95% CI: 1.09, 1.78; p for trend = 0.023). The association was only significant in women (HR: 1.54 for highest compared with lowest quintile; 95% CI: 1.12, 2.15; p for trend = 0.003), but no significant interaction with sex was seen (p = 0.157). The trend for intake of processed red meat was significantly associated with increased risk for CRC in men (HR: 1.23 for highest compared with lowest quintile; 95% CI: 0.87, 1.73; p for trend = 0.023), but not in women, and a borderline interaction was seen (p = 0.062).
Dietary intake and colon cancer
High intake of beef was inversely associated with risk of colon cancer (HR: 0.60 for highest compared with lowest quintile; 95% CI: 0.44, 0.82; p for trend = 0.009) ( Table 3 ). The inverse association was also significant in women (HR: 0.60 for highest compared with lowest quintile; 95% CI: 0.37, 0.96; p for trend = 0.049) and similar tendencies were seen in men (p for trend = 0.069). High intake of pork was associated with increased risk of colon cancer (HR: 1.41 for highest compared with lowest quintile; 95% CI: 1.04, 1.90; p for trend = 0.021). The association was only significant in women (HR: 1.56 for highest compared with lowest quintile; 95% CI: 1.12, 2.15; p for trend = 0.003), but no significant interaction with sex was seen (p = 0.146). We observed a borderline significant association between high intake of processed meat and increased risk of colon cancer in men (HR: 1.23 for highest compared with lowest quintile; 95% CI: 0.80, 1.90; p for trend = 0.053), but no significant interaction with sex was seen (p = 0.127).
Dietary intake and rectal cancer
High intake of beef was associated with increased risk of rectal cancer in men (HR: 1.82 for highest compared with lowest quintile; 95% CI: 1.02, 3.25, p for trend = 0.028), but not in women (Table 4) , and a significant interaction was seen between beef intake and sex (p = 0.025). High intake of fish was inversely associated with risk of rectal cancer in all (HR: 0.59 for highest compared with lowest quintile; 95% CI: 0.38, 0.92, p for trend = 0.025), and the association did not differ depending on sex (p for interaction = 0.597).
Complementary models
In the analysis of CRC, colon and rectal cancer, additional adjustments for potential dietary confounders (intake of: fiber; protein; saturated fat; calcium; folate; iron; zinc; fruits and vegetables; milk products; and sugar-sweetened beverages) did not affect the results and were therefore excluded from further analysis (data not shown).
In the analysis of CRC, colon, and rectal cancer, additional mutual adjustments for the correlated food intakes (total red meat -beef; total red meat -pork; total red meat -unprocessed red meat; total red meatprocessed red meat; unprocessed red meat -beef; unprocessed red meat -pork), did not affect the results to any major extent (data not shown).
Dietary intake, colorectal, colon, and rectal cancer, and body mass index Excluding BMI from the multivariate model gave virtually similar results (data not shown). Moreover, no significant interactions were found between the different types of meat intakes and BMI status (< 25 or ≥ 25) on CRC (Supplementary Table 2 ).
Sensitivity analyses
Exclusion of subjects with dietary change When excluding individuals reporting dietary change in the past, the association between intake of pork and CRC was only borderline significant (HR: 1.15 for highest compared with lowest quintile; 95% CI: 0.86, 1.52; p for trend = 0.074). Apart from that, we did not observe any major changes in any of the results.
Exclusion of subjects with prevalent cancer When excluding individuals with any type of prevalent cancer at baseline, except for cervix cancer in situ, the inverse association between intake of beef and colon Table 1 . Baseline characteristics of cases and non-cases of incident colorectal cancer in the Malmö Diet and Cancer Study cohort. cancer became significant also in men (HR: 0.56 for highest compared with lowest quintile; 95% CI: 0.36, 0.88; p for trend = 0.035).
Exclusion of subjects with prevalent or incident diabetes
The association between high intake of processed red meat and risk of CRC in men, did not remain significant (HR: 1.05 for highest compared with lowest quintile; 95% CI: 0.71, 1.56; p for trend = 0.155) when excluding individuals with diabetes.
Discussion
In the present study, high intake of pork was associated with increased risk of CRC, and especially with colon cancer in women. In contrast, high intake of beef was associated with decreased risk of colon cancer, whereas it was associated with increased risk of rectal cancer in men. Furthermore, there was a trend for increased risk of CRC with higher intake of processed meat among the men, mainly driven by colon cancer. Fish intake was inversely associated with rectal cancer.
In line with our findings, Bernstein et al. [8] did not observe high intakes of unprocessed red meat to be associated with a substantially increased risk of CRC when recent results from the Nurses' Health Study and the Health professionals Follow-up Study were pooled. Similarly to the meta-analysis by Alexander et al. [9] , our results indicate a positive association between intake of processed red meat and CRC in men, but not in women, whereas other metaanalyses have not shown differing associations depending on sex [21, 22] . Previous meta-analyses have also indicated significant associations between high intake of processed meat and colon cancer, but not with rectal cancer [6, 8] , although Bernstein et al. [8] concluded that they could not find evidence to show that the associations differed with colon or rectal cancers, but that the intake of processed red meat was especially associated with increased risk of distal colon cancer. Few studies have examined subsites of colon malignancies, but comparable findings were seen in a meta-analysis of three earlier prospective studies [23] , whereas positive associations with both proximal and distal colon cancer were seen in a Norwegian study [24] . In a recent meta-analysis (2015) comparing different meat subtypes, high intakes of beef and lamb, but not pork and poultry, were associated with increased risk of CRC [10] . However, when excluding one of the included cohorts due to heterogeneity between the studies, meta-analysis of four prospective studies indicated, similar to our results, an increased risk of CRC at high intakes of pork [10] . The diverse findings depending on type of meat, gender, and tumor site may reflect the complexity of colorectal cancer. Proximal colon and distal colon (including rectum) arise from different embryonic tissues. They also serve different functions, and the mucosal properties and microenvironment differ between segments [25] . As the fecal content is degraded by the microbiota and water and minerals are reabsorbed during the colonic passage, the production of short-chain fatty acids and metabolites varies, and fecal content changes its properties, in distal direction. Traditionally, we consider colon cancers as one disease. This may be misleading, since proximal colon cancer more often have microsatellite instability, CpG island methylator phenotype, and KRAS mutations, whereas rectal and distal colon cancers more often have chromosomal instability and TP53 and APC mutations [26] . So far, the incidence of distal cancer has been higher than the incidence of proximal cancer [27] . In future studies, subgroup analysis of proximal or distal CRC ought to be done in addition to analysis of colon and rectal cancer, which is more common in epidemiological studies and therefore more comparable.
Associations between meat intake and CRC may differ depending on the type of meat most frequently consumed in a different population, as well as on intake levels. In the southernmost district in Sweden, where participants of the MDCS cohort were enrolled, pork intake is by tradition high. Although the intake data on meat could be considered to be satisfactory, it is worth noting, that the main part of the meat intake was recorded in the MDCS sevenday menu book, and that fewer days are needed to capture intakes of food consumed more frequently, compared to those consumed more seldom, indicating that intake data on pork may be more valid, compared to that on beef. This may partly explain why beef was not found to associate with higher risk of colon cancer in this study, while such association has been observed in other populations [9, 10] . On the other hand, difference in meat production, with fewer antibiotics and growth factors used in Sweden, compared with for example USA, may affect the association between beef intake and risk of CRC differently. It is stated that increased risk for CRC starts at an intake of 500 g/week for red meat and for processed meat only by eating it [5] . In the present study, the estimated median intake in the lowest (44 g/day), and the highest (146 g/day) quintile of red meat, was well below, and respectively above, the stated threshold level.
The gender difference in observed associations may have several explanations. The prolonged gastrointestinal transit time in women compared with men may lead to a prolonged exposure of the mucosa to carcinogens [28] . On the other hand, this may be counteracted by higher meat intake in men compared with that in women in the MDCS. If meat has carcinogen-inducing properties in the bowel, a difference in transit time may decrease the difference in risk between genders caused by difference in meat intake.
Several mechanisms may lie behind observed associations between red meats and CRC. One difference between beef and pork is the amount and composition of fat [29] . The generally higher fat concentration in pork may enhance the excretion of bile acids, which may promote tumorigenesis [30, 31] . During the passage down the colon, the bile acids are modified and dehydroxylated [25] , leading to different properties along the colon mucosa. Thus, the malignancy risk may vary between different colon segments. The heme iron in red meat is another plausible explanation for the association between red meats and CRC [29] , as heme iron damages the colon's lining [32] . However, the inverse association between beef intake and risk of colon cancer in the present study, and the association between high pork intake and increased risk of CRC, do not support this explanation.
Consumption of red meat may result in exposure to carcinogens through cooking methods, such as cooking meat at a high temperature by barbequing or smoking, or through preservation with nitrite. Heterocyclic amines (HCAs), polycyclic aromatic hydrocarbons (PAHs), and N-nitroso compounds (NOCs) are thought to be factors in development of CRC [33, 34] . In addition, processed meat often contains a high amount of salt [35] and it has been discussed if salt may be a risk factor for CRC [36] .
Previous indications of protective associations with high fish intake have, consistent with our findings, above all been seen for rectal cancer [11] . Intake of marine omega-3 is thought to be inversely associated with CRC [37] . Mechanisms are thought to be the reducing effect omega-3 has on the omega-6 polyunsaturated fatty acid production of eicosanoids, and inhibition of cyclo-oxygenase-2 [38] , but when analyzing associations between omega-3 intake and risk of CRC, no clear association was seen [5] . The high content of vitamin D and selenium has also been suggested as potential mechanisms [39] . This may explain the inverse association between fish and rectal cancer seen in the present study.
Obesity is considered to be an established risk factor for CRC [4] . Low grade inflammation and changes in microbiota are associated with obesity and have been discussed as possible causes [4] , along with insulin-like growth factor-1 and leptin [40] . The observed associations in this study did not clearly differ between individuals with BMI above or below 25, and exclusion of BMI in the multivariate model did not substantially change our finding, suggesting that weight status does not have any modifying or mediating effects on the associations between meat intakes and CRC. Yet, we cannot exclude modification if further discriminating between overweight and obese in more well-powered studies.
Diabetes may promote development of CRC, and red and processed meats have in studies shown to be associated with increased risk of diabetes [41, 42] . Exclusion of patients with diabetes did not significantly affect the association between intake of pork or beef and risk of CRC, but the association between intake of processed red meat and CRC did not remain significant in men and the risk estimate in the highest quintile changed from 1.23 to 1.05. Loss of power may lie behind this observation; especially since diabetes is more common among men (26% were excluded). Future well-powered studies may reveal if the presence of diabetes has any modifying effect.
The strength of the present study is dietary data of high relative validity [13, 15] . As it is a large population-based prospective study with long follow-up, selection bias and reverse causation were minimized. We had also extensive information on potential confounding factors and were able to exclude individuals who reported dietary changes in the past. There are several limitations of this study. Power may be a problem in some of the gender specific analyses. Family history of CRC and inflammatory bowel disease, seen as strong risk factors in development of CRC [22] , were not included in the study as information on these risk factors were missing. Furthermore, neither information on the source of some of the processed meat, which may have influenced the findings regarding intakes of beef and pork and their association with risk of CRC, nor information about intake of heme iron was available.
Despite adjustments for possible confounders and known risk factors, occurrence of residual confounding cannot be completely excluded and we have not adjusted for multiple testing, since dietary intakes are highly correlated and the analyses could not be treated as independent.
Conclusion
In conclusion, our findings suggest that type of meat as well as sex and tumor location in the bowel influence associations between meat intake and risk of CRC. The findings support previous studies indicating that high intake of processed meat above all is associated with increased risk of CRC in men and that high intake of pork may be associated with an increased risk of CRC. Beef intake was in contrast to previous observations inversely associated with colon cancer, but in men associated with increased risk of rectal cancer. Fish intake was inversely associated with rectal cancer. Presence of overweight did not seem to have any major impact on the findings.
